Pure titanium is an ideal material for biomedical implant applications for its superior biocompatibility, but it lacks of the mechanical strength required in these applications compared with titanium alloys. This research is concerned with an innovative laser peening-based material process to improve the mechanical strength and cell attachment property of pure titanium in biomedical applications. Evidence has shown that engineered surface with unsmooth topologies will contribute to the osteoblast differentiation in human mesenchymal pre-osteoblastic cells, which is helpful to avoid long-term periabutment inflammation issues for the dental implant therapy with transcutaneous devices. However, surface quality is difficult to control or mechanical strength is not enhanced using conventional approaches. In this paper, a novel high energy pulse laser peening (HEPLP) process is proposed to both improve the mechanical strength and introduce a micropattern into the biomedical implant material of a commercially pure Titanium (cpTi). The strong shock wave generated by HEPLP presses a stainless steel grid, used as a stamp, on cpTi foils to imprint a micropattern. To understand the basic science during the process, the HEPLP induced shock wave pressure profile and history are modeled by a multiphysics hydrodynamic numerical analysis. The micropatterns and strength enhancement are then simulated using a dislocation density-based finite element (FE) framework. Finally, cell culture tests are conducted to investigate the biomedical performance of the patterned surface.
Introduction
cpTi and its alloys are used as implant materials for a range of medical applications including orthopedic and dental implants [1, 2] . Ti alloys, such as Ti-6Al-4V, are commonly used as biomedical implants because of their superior mechanical properties to cpTi in strength, strength-to-weight ratio, corrosion resistance, weld and fabric ability, etc. However, there is also a risk of leeching toxic alloy elements into the body which can lead to long-term health effects. Therefore, cpTi is the preferred material for these applications; however, it has limited mechanical strength, and the implants often fail due to the coupled effects of corrosion, fatigue, and fracture under cyclic loading or high stresses in an aggressive environment [3] [4] [5] [6] . Detailed analyses have shown that about 60% of the failed Ti implant plates has occurred through corrosion fatigue, which was promoted by the presence of intense localized corrosion and intergranular cracking [7] . Corrosion resistance to the gradual degradation of materials by electrochemical attack is very critical for the application of a metallic implant in the hostile electrolytic environment, such as the human body [8] . Besides corrosion, metal fatigue endurance is found to be drastically reduced due to the fatigue wear resulted from the formation of wear debris. On the other hand, fatigue is found to disrupt the formation of oxide layer. As a result, the material on the implant surface is not able to repassivate immediately, and corrosion is likely to occur at the regions of the metal exposed to the environment. The toughness of the implant could be significantly jeopardized by the erosion resulted from the dissolution of metal during corrosion. As long as the material on the implant surface fails, the increase of exposed surface area and loss of protection by oxide layer will increase the corrosion rate inevitably. For Ti hip implants, corrosive fatigue can occur even by walking, which generates a low frequency cyclic loading about only 1 Hz. In spite of the failure of implants, the residual metal fragments from the damaged implant can also cause inflammation of the surrounding tissues [8] .
A laser surface treatment process of HEPLP is developed in this study to improve the implant surface corrosion resistance, mechanical and fatigue strength. During the process, a powerful pulsed laser beam with power intensities above 1 GW/cm 2 peens the Ti implant surface. Peening, a form of cold working, on the implant surface leads to enhanced material properties. Short laser pulses with a time period of about 10 ns are focused to blast the ablative coating, resulting in a high pressure shock wave with a peak pressure of 1-10 GPa [9] [10] [11] [12] [13] . A translucent layer usually consisting of flowing water or glass is employed over the surface and acts as a confinement medium, directing the shock wave into the target. The laser-induced shock wave propagates into the substrate material to enhance the material mechanical properties and refine its grain structure.
The effects of surface enhancement due to laser peening have been extensively studied. It is widely acknowledged that laser peening produces a surface with refined grain structures, compressive residual stresses, and increased hardness in metallic materials [14] [15] [16] [17] . Lu et al. [14] showed that the original coarse LY2 aluminum alloy grains were refined to an average size of 3-5 lm on the surface. In follow-up studies of laser peening, Lu et al. reported that the surface coarse grains were refined to 50-200 nm and 220 nm for AISI 304 stainless steel [15] and AISI 8620 steel [16] , respectively. A lot of studies have confirmed that grain refinement in the surface layer contributed to the improvement in corrosion resistance for cpTi and Ti alloys [18] [19] [20] [21] [22] . It was reported that corrosion rates can be reduced by up to 50% [7, 21, 23, 24] , and the mechanical strength can be increased by 30% [25] for a cpTi product with grains refined to submicron level. Papakyriacou [26] reported the mean endurance limit of Ti-6Al-7Nb alloy and cpTi in corrosive fluid (a physiological saline solution (0.9% NaCl) plus lactic acid adjusted to pH ¼ 5) were increased to 440 6 40 MPa (by 27% 6 20%) and 280 6 15 MPa (by 32% 6 12%), respectively, through grain refinement. In terms of mechanical strength improvement, Zhang et al. [17] achieved a 24% microhardness increase from the original hardness of 335 HV 0.05 and a compressive residual stress of 340-420 MPa for Ti-6Al-4V. These findings show the benefits of using one laser peening process to introduce grain refinement, microhardness increase, and compress residual stress on the surface of cpTi component.
Another major issue with implant devices is the chronic inflammation due to the lack of tissue growth around the implant device, which can lead to the potential for mucosal recession or even implant loss. Studies have shown that the microtopography of the surface that the cells attach to is a factor in cell attachment to biomedical implant devices. It has been found that a grooved or roughened surface contributes to the osteoblast differentiation in human mesenchymal pre-osteoblastic cells, which helps to avoid long-term peri-abutment inflammation issues for the dental implant therapy with transcutaneous devices [1, 2, 27, 28] . The conventional approaches, such as grit blasting and acid etching, can improve the cell attachment performance by modifying the surface topology. However, there are limitations in applying them to cpTi of low mechanical strength. Etching does not refine the grain structure, or induce compressive residual stresses. Grit blasting can enhance the mechanical strength [26, 29] , but it also induce a lot of defects and damages, where pitting and crevice corrosion usually initiated [30] . It is reported that laser peening can achieve more significant surface enhancement than grit blasting [31] .
In this work, the process of HEPLP is investigated for the cpTi samples to introduce innovative micropatterns and surface enhancement within the one-step process. The approach is based on the simultaneous experimental and numerical investigation of the process. The three-dimensional (3D) deformation and surface enhancement in microhardness are predicted with a 3D FE analysis with a dislocation density-based material constitutive model. A cell culture test is then conducted on the patterned area to investigate the contribution and effect on the attached cell density, cell growing mode, and cell attachment location of the 2D patterns.
Micropatterning Experiments
The HEPLP experiments were performed to imprint a micropattern into the dental implant material of cpTi with the experimental setup illustrated in Fig. 1(a) . A Q-switched Nd:YAG laser (1064 nm wavelength) was used to generate high energy laser pulses of 8 ns pulse duration, which were directed by the optics and focused to a laser spot size of 1.24 mm in diameter. The average laser power density was determined to be 0.45 GW/cm 2 . A HeNe laser (continuous, 632.8 nm wavelength) was used as a guide beam by collimating with the Nd:YAG laser by a dichroic lens. The laser peened the targeted sandwich structure as shown in Fig. 1(b) , which consisted of BK7 glasses as confinement medium in laser peening, two 30 lm thick foils of cpTi, and a 200-grid transmission electron microscopy (TEM) mesh placed between the two cpTi foils as a stamp. The mesh grid was 3 mm in diameter and 12 lm in thickness, and had a structured mesh of circular holes (130 lm in diameter) and a minimum wall thickness of 20 lm. The upper foil was the ablative, "sacrificial" layer. As the laser pulse hit on the upper foil, the stamp was imprinted into the foils and generated the micropatterns from the impact. This experimental configuration was adapted from an experimental study of microforming of NiTi alloy in [12] . 3 Â 3 laser pulse shots were applied to peen the target sandwich structure in each experiment and were controlled by an X-Y stage. The micropatterns generated on the lower foil were used for the later cell culture tests, as it was free of thermal damages from the laser irradiation.
The surface topology of the patterned cpTi samples was investigated using a Hitachi S-4800 scanning electron microscope (SEM). The SEM micrograph shown in Fig. 2 indicates that the micropattern was successfully imprinted onto the cpTi surface. A Veeco Wyko NT1100 noncontact optical surface profilometer was then used to quantitatively examine the indentation profile of the micropattern with the magnifications of 5Â, 20Â, and 50Â. The surface data were quantifed and visualized by Wyko Vision V R analysis software. An advanced option of detector mask is available to block detector pixel elements during a measurement, whick is useful to eliminate regions of the surface, such as irrelevant background features, from the analysis. patterning, the surface roughness across the whole patterned area was increased to 2.34 6 0.10 lm. For the plateaus only, the surface roughness was also increased to 692.58 6 190.73 nm due to the effect of deformation. Rupp et al. [29] reported the surface roughness by sand blasting and acid etching were 2.48 6 0.09 lm and 0.83 6 0.05 lm, respectively. It demonstrated that the laser peen patterning can achieve comparable surface roughness to the conventinal processes. Figure 3(c) shows the 2D height profile of a typical cross section of the patterned specimen, in which the top surface of plateaus was set zero. The minimum width of the channels were roughly 20 lm, which agreed to the minimum grid thickness between circular holes on the stamp. After taking 20 surface profilmeter images, the average indentation depth was determined to be 8.43 6 0.33 lm. The deepest indentation was found to be about 8.81 lm.
Due to the dimensional limitations of the foil thickness of only 30 lm and the feature size of micropatterns of 20 lm, it was not applicable for the micro-indentation hardness tester to determine any change in surface microhardness in the patterned area. Thus, the effect of HEPLP on hardness and mechanical strength was studied with a set of HEPLP experiments conducted on solid bars made of copper. These experiments were performed using the same Q-switched Nd:YAG laser setup as shown in Fig. 1 . The same laser parameters were used in these experiments as in the HEPLP micropatterning experiments. Surface microhardness of the specimen treated by the HEPLP process was then measured using the LECO LM-300AT Vickers micro-indentation hardness tester with a 50 g force load. Hardness results in Fig. 4 showed 100 6 3.7 HV and 140 6 13.4 HV for untreated and treated copper specimens by HEPLP, respectively, which indicated a 40% increase in mechanical strength improvement for copper by HEPLP.
3 Physics-Based Modeling 3.1 Modeling of Peening Pressure. The HEPLP process induces pressures on the order of 1 GPa to the target surface by way of short, high energy laser pulses. For the patterning experiments used in this study, the laser parameters used were an 8 ns pulse durations and 0.45 GW/cm 2 power density. With these parameters, HEPLP was simulated using a 2D multiphysics hydrodynamic numerical analysis [9] [10] [11] . The model was based on the hydrodynamic governing equations of mass, momentum, and energy (Eqs. (1)- (5))
in which q C and q CL are the densities of the coating material and the confinement layer, respectively, q is the total density, q ¼ q C þ q CL , P is the pressure, E i is the internal energy, I is the laser radiation, and u and v are the velocities in the r-and z-directions, respectively. KE is the kinetic energy, where
, and Q r and Q z are the sum of the heat fluxes of radiative and thermal conductions [32] in the r-and z-directions, respectively. The model coupled Eqs. (1)- (5) with the appropriate equations of state for the coating and confinement materials, applying theories and models for unknowns such as the pressure and energy, and then solving using a finite difference scheme [33] . For the coating material, the quotidian equation of state model was applied, which calculated the energy and pressure using Helmholz free energy and took into account the ion and electron free energy, and chemical bonding effects [9] [10] [11] 13] . This model produces histories and spatial profiles of pressure, velocity, energy, and temperature which can be used to further analyze the process. The simulated pressure distribution with respect to time and space are shown in Figs. 5 and 6, respectively, where the peak pressure is approximately 1.8 GPa. The HEPLP induced shock wave pressure profile and history simulated by the model was then used as inputs for the following finite element analysis.
3.2 Dislocation Density-Based FE Analysis. A dislocation density-based computational framework was developed by Ding and Shin to model the subsurface microstructural alteration and strength enhancement by the laser shock peening process [11] . In this study, a 3D FE analysis was developed by adopting the dislocation density-based approach to model the deformation mechanism and investigate the change of mechanical properties and microstructures during the HEPLP process. In the model, a dislocation cell structure consisting of cell walls and cell interiors is assumed to form during the plastic deformation process. The dislocation density rates are governed by the following equations [34] :
where q c and q w is the dislocation density for the cell interior and cell walls (the sum of statistical dislocations and geometrically necessary dislocations), respectively. In both equations, there are three terms on the right-hand side: the first term refers to the generation of dislocations due to the activation of Frank-Read sources; the second term corresponds to the transfer of dislocations between the cell walls and cell interiors; the last term stands for the annihilation of dislocations, which leads to dynamic recovery in the course of straining. In the equations, a*, b*, and k o are the material parameters for dislocation evolution rate, _ c r c and _ c r w are the resolved shear strain rates for the cell interiors and walls, respectively, _ c o is the reference resolved shear strain rate, n is a temperature sensitivity parameter, b is the magnitude of the Burgers vector of the material, f is the volume fraction of the dislocation cell wall, d is the dislocation cell size. The total dislocation density q tot is determined through the rule of mixtures depending on the volume fraction f of the dislocation cell wall. The averaged refined grain size can be determined by the total dislocation density. Both the total dislocation density and refined grain size are given as follows [35] :
The strengthening of material is characterized by the microhardness change (Dh SPD , in HV), which can be predicted based on the dislocation density evolution due to severe plastic deformation (SPD) [36, 37] , which is given as
where k h is a constant slope of 0.5 obtained from Ref. [38] , M is the material Taylor factor, a is a constant of 0.25 obtained from Ref. [35] , and G is the shear modulus of 44 GPa for cpTi. The model parameters for cpTi are given in Table 1 , which have been obtained to reproduce the observed material constitutive behaviors of cpTi under various strains, strain rates, and temperatures [39] . Transactions of the ASME
The material mechanical and thermal properties of cpTi used in the models are given in Table 2 [40] . The 3D FE analysis was conducted with the commercial software package of ABAQUS 6.12-1. The dislocation density-based constitutive model was implemented as a material user-defined subroutine to solve the deformation and microstructural changes [41] . Due to high computational cost, only part of the foilstamp-foil sandwich configuration was modeled in ABAQUS. The upper cpTi foil, stamp, and the lower cpTi foil were piled up along z-direction. Figure 7 (a) shows the 3D model of the stamp in the FE analysis. The feature dimensions of the stamp are the same as those shown in Fig. 1 . A uniform shock wave pressure spatial distribution was applied on the top surface of the upper cpTi foil. This is because the simulated area was about 0.6 Â 0.5 mm 2 , which was only about a quarter of the beam spot area, and the pressure distribution was fairly uniform and close to the peak pressure within this area as shown in Fig. 6 . The bottom surface of the lower foil was confined along the z-direction. The pressure magnitude history as shown in Fig. 5 was loaded within the FE analysis defined in a tabular form in ABAQUS. Thus, the peak shock Table 2 Material properties of cpTi [39] Material wave pressure would be reached momentarily after the simulation started, and then decay with the time until completely attenuated, while the pressure spatial distribution were always uniform. After the shock wave was completely attenuated, the stamp was imprinted in both of the upper and lower foils. Figures 7(b)-7(f) shows the simulated deformation, equivalent plastic strain (PEEQ), total dislocation density, grain size, and the microhardness contours in the lower cpTi foil. From Fig. 7(b) , the deformation in the center of the simulation domain was about 7.5 lm, which is close to the measured average indentation of 7.92 lm. Greater indentations were simulated in the regions at the boundary of the simulation domain, which was artificially caused by the low impact stiffness setting ear the boundary. The simulated PEEQ contour in Fig. 7(c) shows the maximum strains of about one at the channel walls. As shown in Fig. 7(d) , dislocations accumulated to the level of 2.5 Â 10 9 mm À2 as strain increases, which shows a similar pattern to the strain distribution. In Fig. 7(e) , the grain size in most of the simulation domain was refined to a submicron level from the original grain size of 50 lm. The grain size of the channel walls was reduced to below 200 nm with a minimum grain size prediction of 110 nm. In the center area, the grain sizes were reduced to about 550 and 650 nm on the bottom of the channel and on top of the plateaus, respectively. The microhardness around the plateaus was increased from the original hardness of 145 HV to above 160 HV by at least 10%, as shown in Fig. 7(f) . The highest microhardness increase occurred in the most strained area.
Cell Culture Testing
After patterning and analyzing the cpTi surfaces, cell culture tests were performed to study the possible improvements in cell attachment to an imprinted implant surface rather than a smooth surface. Upon the scale of the width of the channel, bovine chondrocytes were used in cell attachment study, which are usually 10-20 lm in diameter. Basically, chondrocytes were harvested by collagenase and protease. Cells then were cultured at culture vessels in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (Invitrogen Life Technologies), 50 lg/ml L-ascorbate, 100 units/ml penicillin, 100 lg/ml streptomycin, and 2.5 lg/ml Fungizone at 37 C in 5% CO 2 . Cell culture media was replenished every other day, where passage 1 chondrocytes were used in this study. Cells were seeded at a density of 500,000/ml media for all experimental groups.
Implant samples were sterilized with UV light for 24 h, and pre-equilibrated in the cell culture media overnight. Before cell seeding, samples were set in a biosafety cabinet for completely dry air. Upon cell seeding, samples were kept in the incubator on a flat surface, and cultured at 37 C in 5% CO 2 . Figure 8 shows a sample submerged in the cell culture media and kept in a Sanyo cell incubation chamber. Patterned foil samples were attached to copper cylinders for easier handling.
After the cell culture test, the samples were removed from the incubator and immediately sent for cell fixation, dehydration, and sputter coating for SEM imaging. The cell media was aspirated, and then 1 ml of phosphate-buffered saline washed over the samples and was removed twice. At that point, the cells were fixed in the two step process: (a) the crosslinking fixation for 1 h and (b) oxidizing fixation for 30 min. In the crosslinking fixation, covalent chemical bonds were created between proteins in the tissue, which anchored the soluble proteins to the cytoskeleton for additional rigidity. The fixative agent in the first step, 3% gluteraldehyde-3% formaldehyde, was applied and removed after 30 min. Before the second step, a 0.1 M sodium cacodylate buffer was placed in the washed over the foil, then removed, and then repeated one additional time (4 min for each time). Next, the 1% osmium tetroxide (OsO 4 ) in buffer was applied in the second setup. The oxidizing fixatives, such as OsO 4 , can react with various side chains of proteins, fats and other biomolecules, allowing for the formation of crosslinks that stabilize a tissue structure. In addition, OsO 4 is often used as a secondary fixative when samples are prepared for electron microscopy. The 1% Osmium tetroxide in buffer was made by mixing 2 parts of 0.2 M sodium cacodylate buffer, 1 part of 4% OsO 4 solution, and 1 part of deuterium-depleted water (dd water).
Following the fixation, the samples were rinsed by dd water twice and then dehydrated with ethanol solutions. The samples were placed in solution with 30%, 50%, 70%, 95%, and finally twice with 100% ethanol for 10 min. The chemical drying was conducted twice (10 min for each time) with hexamethyldisilazane to prevent the shrinkage and collapse of surface structures, which can happen due to the effects of surface tension when a biological sample is air dried following dehydration. Then, a thin layer of gold and platinum was sputtered on the whole surface of the Ti foils in a K500 EMItech sputter coater for 3 min, to enhance the secondary electrons backscattered. Figure 9 shows the SEM images of the patterned area and original flat surface on cpTi foil after cell culture test. The patterned area appeared to have significantly higher cell density than that on the original flat surface of the cpTi foil. The fairly uniform distribution of the cells could result from the significant surface roughness change across the whole patterned area as well as on the plateau top surfaces as discussed in Fig. 3 .
SEM micrographs in Fig. 10 further examine the effect of imprinted channels on the cell growth mode and cell attachment location. Cell growth mode was studied to control the process of cell attachment and migration, as well as tissue outgrowth [42] [43] [44] . Two essential modes of cell outgrowth and no-outgrowth [45] can be seen in this cell culture test. Cells sitting in the channel, especially in the neck of a channel (minimum width), were usually observed to expand to the wall of the channel. These cells appeared in different growth stages due to different growing speeds. In Fig. 10(a) , completely outgrown and still outgrowing cells are highlighted with yellow elliptical circles and rectangular boxes, respectively. Figure 10(b) shows an outgrowing cell located in the neck of a channel. The cell can be seen stretched to reach the wall of the channel on both sides. Thus, the imprinted channel was beneficial for the growth of attached cells. The cells attached to the flat surface with a spherical shape as shown in Fig. 10(c) corresponds to an undesirable cell attachment. Outgrowth can hardly been found for the cells located in wide and open areas of the channel even with the same depth. Therefore, a main factor for the cell growth is argued to be the width of the channel other than the depth. In this study, the width of the channel neck was about 20 lm, while the cell size was about 10-20 lm. To enhance this effect, the wider area of the channel should be reduced to the cell size. In addition, the cells favored the corners in the channel, which are highlighted with the green boxes in Fig. 10(a) .
Conclusions
The experiments conducted in this study showed that micropatterns of 20 lm wide and 7 lm deep were imprinted on the biomedical implant material of cpTi via HEPLP. The proposed technique was not only successful at creating a patterned surface, but also improving the material mechanical strength. The underlying laser peening physics was studied with a 2D hydrodynamic model, which predicted the laser shock wave pressure during the HEPLP process. The generation of micropatterns and hardness enhancement were then predicted by a 3D dislocation density-based FE analysis. The microhardness was simulated to increase by about 10% in the channels.
Improvements in cell growth and cell attachment were also demonstrated through the cell culture tests. The patterned area appeared to have a significantly higher cell density than that on the untreated surface of the cpTi foil. It was found that cells located in the imprinted channels expand to reach the channel walls, while those attached on the untreated surface maintain their spherical shape. The width of the channel was found to play a more critical role in cell attachment than its depth. It was recommended that the channel width should be comparable to the cell size to enhance such an effect. In future work, a square mesh with uniform bar width around 20-30 lm is expected to generate a more cell-friendly pattern.
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